• We systematically measured these leaf traits in 74 species at 49 research sites on the Tibetan Plateau to examine how these traits, measured near the extremes of plant tolerance, compare with global patterns.
N mass , LMA, leaf phosphorus (P), dark respiration rate (R) and LL was modest, although some patterns appeared. A recent study by Reich and Oleksyn (2004) further pursued the link between climate and leaf traits, finding that leaf N and P decrease with mean annual temperature (MAT) from the 5-10°C range to the warmest MAT. At very low MATs, however, the relatively scarce data available hindered any definitive conclusions.
The Tibetan Plateau is an ideal place for large-scale ecological studies, because it provides a unique opportunity to examine trends in a high altitude, cold climate with very low MAT. The plateau represents one of the largest alpine grasslands in the world, yet its vegetation has been underrepresented in global scale studies (e.g. Reich & Oleksyn, 2004; Wright et al., 2004b) . The arctic and alpine plants have adapted to low temperatures, and thus are expected to have developed unique survival mechanisms (Chapin & Körner, 1995) , enhancing the value of regional and global studies which include such plants. As the largest geomorphological unit on the Eurasian continent (Sun & Zheng, 1998) , the Tibetan Plateau has a mean elevation of >4000 m, with altitudes ranging from ~3000 m to 8844 m. The plateau covers 12 degrees of latitude, 28 degrees of longitude, for a total area of ~2.5 ×10 6 km 2 , nearly one-quarter the area of China. As a consequence of uplift in the past several million years (Zheng, 1996; Tapponnier et al., 2001) , the Tibetan Plateau has had tremendous impact on the evolution and the development of species and ecosystems (Sun & Zheng, 1998) , making it a center of differentiation for new species and a refuge for ancient species (Zhang et al., 1988; Hou & Chang, 1992) . In addition, the Plateau is one of the main regions of low-latitude frozen soils in the world (Zhang et al., 1988; Molnar, 1989) . Furthermore, the alpine vegetation remains relatively undisturbed by humans, thus This study was designed to explore patterns of leaf functional traits in a high elevation, low temperature environment. Specifically, our study objectives were to: (1) document leaf functional traits of the flora in an under-studied region over broad regional, elevational, and taxonomic ranges; and (2) examine how relationships between these traits, measured near the extremes of plant tolerance, compare with global patterns.
Materials and Methods

Study sites
The sampling and measurements were taken between late July and early August of 2003 along a transect in the Central Tibetan Plateau (Fig. 1) . The transect covers latitudes from 28.19 to 36.32°N and longitudes from 86.83 to 100.93°E, and is approximately 2000 km long and 250 km wide (Table 1) . Climate variation along the transect is represented by a mean annual temperature (MAT) range of -9.7 to 6.8 °C, with mean annual precipitation (MAP) ranging from 239 to 534 mm, and elevation from 2934 to 5249 m (Table 1) .
Natural vegetation types along the transect include alpine steppe, alpine meadow, alpine cushion vegetation, and scrubland, which are representative of the Tibetan Plateau (Zhang et al., 1988) . Alpine meadows, with perennial tussock grasses such as Kobresia pygmaea, and K. tibetica, and alpine steppes with cold-xerophytic, short, dense tussock grasses such as Stipa purpurea are distributed extensively, and are usually mixed with alpine forbs, including Polygonum viviparum and species of Gentiana and Pedicularis (Zhang et al., 1988) . The scrublands are dominated by Salix oritrepha, Potentilla parvifolia, species of Rhododendron, and Sophora moorcroftiana. 
Site selection and sampling
We selected 49 more or less evenly spaced sites along the transect by visual inspection of the vegetation, aiming to sample in sites subject to minimal grazing and other anthropogenic disturbances (Table 1) . Of the 49 sites, 12 were scrub, 12 steppe and 25 meadow. At each site, the dominant species were selected for in situ gas exchange measurement and ex situ chemical analysis. Nearly all measurements were taken at flowering stage. In all, we investigated 74 species from 26 families over the 49 sites (Tables 1 and 2 ).
Gas exchange, leaf carbon and nitrogen measurements
In situ photosynthetic rates of current season leaves were measured at saturating
light with two open path gas-exchange systems using red-blue light sources and CO 2 mixers (LI-6400, Li-Cor Inc., Lincoln, NE, USA). The on-board pressure and temperature sensors on the LI-6400 corrected for any changes in air density due to changes in atmospheric pressure or air temperature, and provided the correct mole fraction of CO 2 (Li-Cor Inc., 2002) . Measurements were taken in the mornings of clear days, and were conducted on five to ten plants of each of the dominant species at each site to account for idiosyncratic measurements. During the measurement at each site, leaf cuvette temperature was maintained at 22 to 25 °C, depending on the external temperature, and relative humidity inside the leaf cuvette was kept at 45-65%. The reference CO 2 concentration in the leaf cuvette was maintained at 360 μmol CO 2 mol -1 , and saturating photosynthetic photon flux density (PPFD) was set at 1500 μmol m -2 s -1 . For grasses with needle-like leaves, four to six leaves were placed across the chamber, taking care to avoid selfshading. The leaf area enclosed in the leaf chamber was determined immediately with a 21   22   23   24   25 portable leaf-area meter (AM200, ADC Bioscientific Limited, Herts, England). For each gas exchange measurement, a sub-sample of leaf was taken, fresh weight determined with a balance (Acculab Lt-320, Danvers, MA, USA) and its leaf area measured. Following photosynthesis measurements, leaves were placed in paper bags and dried in the sun. Leaf samples were oven-dried at 60 °C in the laboratory and their dry masses were measured on a semianalytical balance (Sartorius AG, Goettingen, Germany). The two LMA-measures from gas-exchange sample and sub-sample were averaged to yield a combined estimate of LMA.
Dried samples from each plant were ground using a ball mill (NM200, Retsch, Haan, Germany). Total C and N concentrations were determined on 5-6 mg of the homogenously ground material of each sample using an elemental analyzer (2400 II CHNS/O Elemental Analyzer, Perkin-Elmer, Boston, MA, USA) with a combustion temperature of 950 °C and a reduction temperature of 640 °C.
Climate data and statistical analyses
The climate data used in this study were from 50-year averaged temperature and precipitation records at 680 well-distributed climate stations across China (Fang et al., 2001; Piao et al., 2003) . We calculated MAT, mean growing season temperature (from May to August, GST), MAP, and mean growing season precipitation (GSP) for each research site from the climate data, based on a linear model using latitude, longitude, and altitude as explanatory variables (Fang et al., 2001; Piao et al., 2003) . It should be noted that MAT and GST, and MAP and GSP were closely correlated (R 2 = 0.97 and 0.96, respectively, P < 0.0001 for both correlations).
In our dataset, some species were frequently sampled. However, at some sites with very few species present, only one species could be sampled. To account for this variation in sample size and imbalance in number of species per genus, we analyzed the data at three levels: (1) averaging the individual plant measurements by species in each site to produce a species-by-site dataset; (2) averaging by species to produce a dataset of species mean;
and (3) averaging by genus to produce a dataset of genus means. We used log-10 transformation to normalize the distributions, a common practice in large-scale ecological studies (Sterner & Elser, 2002; McGroddy et al., 2004; Reich & Oleksyn, 2004; Wright et al., 2004b) .
The influence of climate, plant functional group, and taxonomic identity on leaf traits were analyzed with General Linear Models (GLMs), using R and sequential (type-I) sums of squares (Ihaka & Gentleman, 1996; Schmid et al., 2002 Schmid et al., 2002) . The significance of effects was tested with F-ratios between mean squares of explanatory terms and appropriate error terms. We also used GST and GSP to replace MAT and MAP, respectively. As the results were similar, for simplicity and to compare with other studies, we only present here the results with MAT and MAP.
The bivariate relationships of leaf traits were analyzed by fitting Standardized Major Axis (SMA) lines to log scaled variables (Wright et al., 2004a) . Both correlation coefficients (r) and SMA slopes were calculated using a DOS-based computer package (s)MATR (Falster et al., 2003) . In this program heterogeneity between SMA slopes is tested via a permutation test. Where deemed non-heterogeneous, a common SMA slope was estimated using a likelihood-ratio method (Warton & Weber, 2002) . Differences in (Table 3) .
Results
Leaf traits of the Tibetan Plateau compared with global data
Herbs had higher photosynthetic rates (both by A area and A mass ) than shrubs and grasses, higher leaf nitrogen concentration (both by N area and N mass ) than shrubs, and higher PNUE than grasses. Comparing the Tibetan data with the global dataset of Wright et al. (2004b) indicates that the present data are within the global ranges (Fig. 2) . Overall, the Tibetan species had higher leaf nitrogen concentrations (both by N area and N mass ) and photosynthetic rates (both by A area and A mass ), but lower LMA than the average of the global dataset. For PNUE, mean values of two datasets were not statistically different (Table 3) . When individual functional groups were analyzed separately, the Tibetan grasses and herbs had lower PNUE than in the global dataset, while the PNUE for shrubs of the two datasets were similar.
Leaf trait relationships across all species
Across species, all leaf traits were correlated with one another (Fig. 2) . These trait relationships were consistent with previous results from the global dataset (Wright et al., 2004b) . When the data from the present study were compared with the global dataset of Table 3 ). Furthermore, elevation shifts of the two datasets for N mass -LMA and A mass -N mass were both significant, indicating that Tibetan species tended to have a higher N mass at a given LMA, and a lower A mass at a given N mass (lower PNUE).
Climate modifications of leaf traits
At the species-by-site level, GLM analysis (Table 4) showed that the effect of MAT was significant for LMA and area-based traits (N area and A area ), but not for massbased traits (A mass and N mass ). The effect of MAT was weak, explaining 4.0-6.5% of the total variation in leaf traits. As shown in Fig. 3 , among all species, LMA, A area and N area slightly increased with MAT ( Fig When MAT and MAP were replaced with GST and GSP, essentially the same results were obtained (data therefore not shown).
These patterns were generally similar for species means, except that LMA was no longer significantly affected by MAT (now averaged across sites for each species).
However, at the genus mean level, the effects of all main factors (excluding the effect of area ) and interactions were not significant. This is not surprising insofar as most genera occurred over a large range of sites and thus explanatory variables were also averaged over these large ranges of sites.
Discussion
Overall patterns of leaf traits on the Tibetan Plateau
This work presents, to the best of our knowledge, the first large-scale survey of leaf functional traits on the Tibetan Plateau. Our data indicate that leaf N concentrations and photosynthetic capacities of the Tibetan plants were higher than the global average (Wright et al., 2004b) . Furthermore, the leaf trait relationships were in agreement with those reported previously (Field & Mooney, 1986; Reich et al., 1997; Ackerly, 2004; Wright et al., 2004b) . In recent years, several reports have documented global-scale variations in leaf functional traits and nutrient status (Reich et al., 1997; Sterner & Elser, 2002; McGroddy et al., 2004; Reich & Oleksyn, 2004; Wright et al., 2004b; Kerkhoff et al., 2005) . A similar pattern of trait correlations is observed globally independent of growth form, biome or climate (Reich et al., 1997; Wright et al., 2004b) . Despite the high altitude and low MAT of the Tibetan Plateau, which should exert strong evolutionary pressures on plant physiology, we found that interspecific leaf trait relationships on the Tibetan Plateau do not differ substantially from global patterns. Our results thus contribute support for the notion of convergent evolution in plant functioning (Reich et al., 1997) , with data from near the lower temperature and elevation limits of plant tolerance.
Photosynthetic nitrogen use efficiency at high altitude
While shrubs on the Tibetan Plateau did not differ significantly in PNUE from shrubs in the global dataset, grasses and herbs had much lower PNUE in Tibet than globally. The lower intercept of the SMA regression line between A mass and N mass for the Tibet data indicates that the Tibetan species had a lower A mass at a given N mass , i.e. a lower PNUE (Table 3) .
The Tibetan Plateau is characterized by both high altitude and low MAT. These characteristics are not independent, as MAT decreases with altitude. On the one hand, environmental conditions at higher altitudes are typically characterized by low MAT, low air pressure, high wind speed and high UV-B radiation (Friend & Woodward, 1990; Körner, 1999) , all of which are considered to lower photosynthetic rates (Chapin et al., 1993) . However, some studies have found that photosynthetic capacity at high altitude is comparable to that of low altitude (Körner, 1999) . In addition, studies from alpine plants revealed that leaf N concentration usually increases with increasing elevation (Körner & Diemer, 1987; Friend et al., 1989; Körner et al., 1989; Friend & Woodward, 1990; Westbeek et al., 1999) . As a result, PNUE of plants at high altitudes is predicted to be lower than at low altitudes.
The few studies investigating changes in PNUE along altitudinal gradients have supported this deduction (Körner & Diemer, 1987; Vitousek et al., 1990; Hikosaka et al., 2002) . For example, Körner and Diemer (1987) found that in situ PNUE was 20-30% lower in many herbaceous species at 2600 m than at 600 m altitude in the Austrian Alps.
Vitousek et al. (1990) also found that in situ PNUE of a Hawaiian tree species,
Metrosideros polymorpha, decreased by half as altitudes rose from 700 to 2500 m. In contrast, Terashima et al. (1993) showed that in situ PNUE of several herbaceous species at 4300 m in the Eastern Himalayas was comparable to that observed in lowland herbs.
Based on a biochemical model, Terashima et al. (1995) argued that the biochemical suppression of photosynthesis should not be as large as has been supposed, because with lowering of atmospheric pressure, the partial pressure of O 2 decreases as well as that of CO 2 , which results in a reduction of photorespiration, partly compensating for the reduction in CO 2 assimilation. Therefore, the effect of MAT at high altitudes may only partially contribute to this trend in PNUE.
In the present study, we observed a lower PNUE for the herbs and grasses on the It is worth noting that our measurements were taken at local low air pressure. The
Li-Cor 6400 photosynthetic system is designed to correct for any changes in air density due to changes in atmospheric pressure or air temperature, and provide the correct mole fraction of CO 2 (Li-Cor Inc., 2002). In addition, the flow meter is a mass flow meter (not a volume flow meter). Thus the difference in gas exchange measurements between high and low altitudes is air pressure. We do not know how different the PNUE could be if we account for air pressure. This issue should be addressed in future studies.
Effects of climate on leaf traits in cold, extreme high altitude environments
Whereas effects of climate on leaf traits were relatively small in our study, differences among plant functional groups and families were large, together explaining 25.3-60.7% of the total variation in the various leaf traits measured. If mean values for genera were used, the climate-and functional-group-related variations in leaf traits disappeared, indicating that different genera are not very specialized with regard to climatic preferences or functional group. In other words, these climate-and functionalgroup-related variations most likely reflect evolutionary processes occurring within genera at the intra-and interspecific level. Plant functional traits are considered to reflect adaptations to variation in the physical environment and ecophysiological as well as evolutionary trade-offs among different functions within a plant (Cornelissen, 1999; Ackerly et al., 2000; Westoby et al., 2002; Lavore et al., 2005) . Thus, the responses of plant functional traits to climate, including responses to extreme low or high temperature, and to gradients of moisture availability, are associated with variations in life form and shifts in species composition (Chapin et al., 1993; Körner, 1999; Wright & Westoby, 2002; Cavender-Bares et al., 2004) . Our results suggest that broad comparisons, at least in non-tree plant species, should focus on intra-and interspecific variations because data aggregation at the genus level may sacrifice too much information and thus not allow detection of macro-ecological patterns between climate, whole-plant functional type and leaf functional traits.
In the past 50 years, there have been numerous integrated surveys of forest and grassland resources in Tibet, with most of the work focused on vegetation ecology (Chang & Gauch, 1986; Wang, 1988; Zhang et al., 1988) . In conclusion, the general pattern of leaf trait relationships on the Tibetan Plateau is consistent with those reported previously at the global scale, providing additional support for convergent evolution in plant functioning. However, some patterns are unique to Tibet.
First, overall leaf nitrogen concentrations and photosynthetic capacities were higher than the global average. This likely resulted from the dominance of deciduous species in our study, but low temperature-associated chemical composition and physiological processes may also contribute to this pattern. Second, Tibetan species had a slightly lower PNUE, probably due to different nitrogen partitioning. Third, even in a cold, extreme, high-altitude environment, the modulation of leaf traits by climate was weak, and the variations in leaf traits mainly occurred at the intra-and interspecific levels, not at the genus level. The following supplementary material is available for this article online.
Appendix S1
Dataset were calculated from 50-year averaged temperature and precipitation records at 680 well-distributed climate stations across China based on a linear model using latitude, longitude, and altitude as variables. See Figure 1 for site locations. (1987) . Family names follow current practice: Asteraceae = Compositae, Poaceae = Gramineae; Lamiaceae = Labiatae; Fabaceae = Leguminosae. ‡ FG, functional group: H = herb, including annuals, biennials and perennial forbs; S = shrub, including deciduous shrubs and evergreen shrubs; G = grass, including graminoids and sedges. 
